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In the presence of OH impurities in the DAMA crystals, GeV-scale WIMPs elastically scattering off of hydro-
gen nuclei with a spin independent cross section of∼ 10−33 cm2 might explain the annual modulation observed
by the DAMA experiment, while being consistent with other direct dark matter searches, as scattering would
occur at energies below the energy threshold of other detectors. In this work we examine this possibility and
show that, independent of the level of OH impurities in the DAMA crystals, for several reasons this scenario
does not provide a viable explanation to the DAMA signal.
I. INTRODUCTION
The particle nature of the dark matter (DM) remains one
of the most troubling mysteries of our universe. Weakly in-
teracting massive particles, or WIMPs, are for many reasons
leading particle dark matter candidates, and, as such, they
are being very actively searched in a broad variety of exper-
iments. In the recent past, a variety of puzzling signals have
been gathered from several direct detection experiments, ten-
tatively pointing, if interpreted as originating from WIMP-
nuclei scattering, towards a mass window in the 5-10 GeV
range. Such WIMPs, light compared to standard theory-
driven expectations, might for example provide an interpreta-
tion to the excess events reported by CDMS-SI [2], CoGeNT
[3–5], CRESST [6] and DAMA [7].
Whether or not all the putative signals listed above can be
made consistent with each other is matter of some contention
[5, 8]. More importantly, null results from the XENON [9]
and LUX [10] collaborations are entirely incompatible, at last
at face value, with a light WIMP interpretation, with the possi-
ble exception of highly tuned iso-spin violation scenarios [11],
or if the scintillation properties of LXe are fiercely changed
from the assumptions used by the LUX experiment [10]. Ad-
ditionally, the most recent CDMSlite [12] and SUPERCDMS
[13] that use the same target nucleus strongly strongly disfa-
vor these light dark matter (7− 10 GeV) positive signals.
Recently, it was pointed out in Ref. [1] that a O(1) GeV
WIMP might provide a possible explanation to the DAMA
signal consistent with other direct detection experiments. The
key point made in Ref. [1] is that a contamination of OH-
molecules is likely to be present in the NaI(Tl) crystals used
by the DAMA collaboration. The precise level of such con-
tamination is unknown, but, if at all at a reasonable level, it
would be supposedly sufficient to allow a O(1) GeV WIMP
to strike a Hydrogen nucleus only, which in turn would pro-
duce photons then captured by the PMTs in the DAMA detec-
tor. Ref. [1] hypothesizes and utilizes a 1 ppm contamination
level; In what follows we will assume this same value.
In this study we explore whether OH impurities indeed
lead to a self-consistent explanation of the DAMA signal,
focussing on the broad very light WIMP (for definiteness,
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1− 8 GeV) window, and thus extending the mass range origi-
nally under consideration in Ref. [1]. We also study the effect
of a variation in the assumptions about the WIMP velocity dis-
tribution in the Galaxy. We conclude that in general OH im-
purities do not provide a viable scenario to explain the DAMA
signal, due to a variety of constraints, including residual scat-
tering off of Na nuclei, results from high-altitude detectors,
and unacceptably large contributions to the heat flow of the
Earth.
II. PRELIMINARIES
Direct detection of dark matter refers to measurements of
the energy recoil of a WIMP-Nucleus scattering event. Be-
cause of the Earth orbital motion an annual modulation in the
WIMPs scatterings rate in underground detectors generically
exists. In the elastic dark matter setup we can define the dif-
ferential scattering rate per unit detector mass as:
dR
dEnr
=
2ρχ
mχ
∫
d3v vf(v, t)
dσ
dq2
(q2,v) , (1)
where q is the momentum transfer, ρχ ' 0.3 GeV/cm3 is the
local dark matter density, f(v, t) is the local dark matter ve-
locity distribution, which we assume to be time-independent
and of the functional form
fSHM (u) =
{
1
Nv30pi
3/2 e
−u2/v20 if u < vesc
0 otherwise,
(2)
and, finally, where dσdq2 (q
2, v) is the differential WIMP-
Nucleus scattering cross section given by,
dσ
dq2
(q2, v) =
σSI
4µ2v2
F 2(q), (3)
with F 2(q) the Helm form factor which accounts for the fi-
nite size of the nucleus, µ the WIMP-nucleus reduced mass,
and σSI the spin independent WIMP-nucleon scattering cross
section. The latter can be cast as,
σSI =
4
pi
µ2 [Zfp + (A− Z)fn]2 , (4)
fp, fn being the effective couplings to proton and neutrons,
respectively, A the atomic mass number and Z the atomic
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2number. These effective couplings and the Helm form factor
are determined following a well known procedure, described
e.g. in [15]. Since we are interested in the very light WIMP
and energy region, the form factor dependence is modest [15],
therefore different form factors induce very mild changes in
our conclusions.
In this study we adopt a Standard Halo Model for the ve-
locity distribution, given in Eq.(2). We also discuss departures
from this model, especially when it comes to changing the one
crucial input quantity for low-mass WIMPs, i.e. the dark mat-
ter Galactic escape velocity Vesc.
III. OVERVIEW OF THE DAMA/LIBRA EXPERIMENT
The DAMA/LIBRA experiment, located in the under-
ground INFN Gran Sasso National Laboratory in Italy, makes
use of a large mass detector of about 250 kg highly radio pure
NaI(Tl). The experiment is designed to detect nuclear recoil
events through scintillation light, and is optimized to search
for time variations in the event rate, rather than to identify dark
matter scattering on an event-by-event basis. The strategy of
looking for an annual modulation can be used to distinguish a
dark matter signal from most possible backgrounds sources,
although one may worry about possible sources of back-
ground which could potentially also exhibit seasonal varia-
tion.
The DAMA/LIBRA collaboration claims, however, that
there exists no background satisfying at once all of the fol-
lowing criteria:
(i) having a co-sinusoidal modulation rate;
(ii) existing only in a definite low energy range;
(iii) having exactly a one year period;
(iv) possessing the proper phase;
(v) producing single-hit events;
(vi) having the proper modulation amplitude.
The DAMA/LIBRA collaboration has so far released re-
sults corresponding to a total exposure of 1.17 ton yr over 13
annual cycles supporting the detection of a signal possibly due
to dark matter at the ∼ 9σ level [7].
Regarding detector details, it is important to point out that
the collaboration uses gamma ray sources, which induce elec-
tron recoil, to calibrate their detectors. Therefore for a given
electron recoil with energy Eee the DAMA experiment is cal-
ibrated to the resulting amount of light produced. When a nu-
clear recoil happens and some amount of energy is produced,
DAMA thus quotes the electron equivalent energy that would
have yielded the same amount of light. Based on this informa-
tion, we can define a quenching factor (Q) which translates the
ratio of the amount of scintillation light created by a nuclear
recoil to that produced by a electron recoil of the same energy.
The quenching factor value varies according to the target, and
in our work, we will use the values reported by the collab-
oration, QNa = 0.3 and QI = 0.09. Moreover, we have
accounted for the energy resolution of the detector by writing
the differential rate in terms of the electron recoil energy as
follows:
dR
dEee
(Eee, t) =
∫ ∞
0
dEnr φ(Enr, Eee)
dR
dEnr
(Enr, t), (5)
where φ(Enr, Eee) is the differential response function and
φ(Enr, Eee) ∆Eee is the probability that a nuclear recoil of
energy Enr will produce a scintillation signal measured be-
tween Eee and Eee + ∆Eee, found to be
φ(Enr, Eee) =
1√
2piσ2(QEnr)
e−(Eee−QEnr)
2/2σ2(QEnr),
(6)
with
σ(QEnr) = α
√
QEnr + β QEnr, (7)
where α = (0.448 ± 0.035)√keVee and β = (9.1 ± 5.1) ×
10−3.
As discussed in the previous section, due to the changing
WIMP velocity distribution at Earth as the Earth orbits the
Sun, there is a small (∼ 1-10%) variation (or modulation) in
the recoil rate throughout the year [7].
The time dependence in the recoil rate can be described as
dR
dEee
(Eee, t) = S0(Eee)+Sm(Eee) cosω(t− t0)+ . . . (8)
where S0 is the average rate, Sm is the modulation amplitude,
and higher-order terms are neglected due to the small mod-
ulation amplitude, in the absence of streams [16]. We have
packed the 36 bins reported by DAMA into 8 bins, in order to
improve the sensitivity of statistical tests, according to Table I
below.
Using this data set, we have performed a chi-squared anal-
ysis, with the χ2 defined as follows:
χ2(mχ, σ) =
∑
i
(
Sexpm,i − Sthm,i(mχ, σ)
)2
σ2i
, (9)
where Sthm,i(mχ, σ) is the theoretically expected amplitude for
a WIMP model of a given mass (mχ) and spin independent
scattering cross section (σ), whereas Sexpm,i is the experimental
value of the modulation amplitude for a given bin i, and σi is
the uncertainty as indicated in Table I.
Energy Average Sm
[keVee] [cpd/kg/keVee]
2.0 - 2.5 0.0161 ± 0.0040
2.5 - 3.0 0.0260 ± 0.0044
3.0 - 3.5 0.0220 ± 0.0044
3.5 - 4.0 0.0084 ± 0.0041
4.0 - 5.0 0.0080 ± 0.0024
5.0 - 6.0 0.0065 ± 0.0022
6.0 - 7.0 0.0002 ± 0.0021
7.0 - 20.0 0.0005 ± 0.0006
TABLE I. Average modulation amplitudes for the 8 bins used in this
analysis. The original 36 bins of width 0.5 KeVee were packed into
8 as shown in the table.
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FIG. 1. The best fit regions under the assumption of exclusive WIMP-Hydrogen scattering (no Na scattering) using an escape velocity, from
left to right, of 300, 544 and 700 km/s.We use a 1 ppm contamination of Hydrogen in NaI(Tl) crystals. The 90% C.L region is excluded for all
cases by many orders of magnitude by CDMSlite; a small mass window 2.5− 3.5 GeV is still consistent with current limits for large enough
escape velocities, but is inconsistent with other bounds (see the text).
IV. RESULTS
Ref. [1] assumes that dark matter particles might only scat-
ter off of Hydrogen, but not off of Na. This, if at all possi-
ble, would definitely make for highly peculiar particle prop-
erties. We examine this possibility and compare the best fit
regions with available constraints, in fig. 1. There, we as-
sume a quenching factor of one and a standard Mawellian
velocity distribution, with three different escape velocities:
vesc = 300, 544 and 700 km/s. The reason for testing dif-
ferent escape velocities is to check the effect of changing the
standard assumptions regarding the standard halo model. No-
tice that in the leftmost panel in fig. 1, only CDMSlite bound
applies due to the very low escape velocity.
Fig. 1 illustrates that even if one neglected Na recoils and
considered Hydrogen scattering only, the DAMA signal could
be fit satisfactorily only down to a mass of 2.5 GeV, at the
99% C.L.. The 90% C.L region is excluded for all cases by
many orders of magnitude by CDMSlite; the small mass win-
dow 2.5− 3.5 GeV is still consistent with current limits only
for large enough escape velocity. Notice that smaller quench-
ing factors (which are much more likely) would shift the fa-
vored region to even higher masses, and strengthen the bounds
coming from other experiments. Higher masses are vastly ex-
cluded by orders of magnitude, as also shown in fig. 1. Even
only at a mass of 3 GeV the large cross sections required
would be in tension with the CDMSlite results (assuming that
the WIMP would scatter off of Ge). In the very small mass
region (2.5 to 3.5 GeV) such large cross sections are incon-
sistent with high-altitude detector results and with heat flow
measurements, as we discuss below.
We now consider the more realistic case where scattering
happens off of nuclei in both H and Na. In fig. 2 we show best-
fit contours of constant χ2 values (44 and 32.9), as well as the
best fit point (red X). The favored mass region is not excluded
by other direct detection experiments, but the best-fit input
parameters provide a very poor fit to the DAMA/LIBRA data.
For example, even the best-fit point (indicated with a red cross
σ = 104 pb and M = 1.7 GeV) is excluded at the 3.9σ level
for Vesc = 544 and 700 km/s. Even if one used extremely low
values for the WIMP escape velocity in an attempt to suppress
Na scatterings (left panel, Vesc = 300 km/s), the predicted
signal provides a very poor fit to the modulation observed by
DAMA/LIBRA.
We thus conclude that a very light WIMP as a candidate to
explain the DAMA modulation is excluded at almost∼ 4σ. In
this configuration, in fact, the WIMPs in the tail of the velocity
distribution are responsible for scattering off of Na, and pro-
duce an extremely large number of events, therefore entailing
a poor fit to the modulation signal. We verified that even as-
suming a very small escape velocity does not improve the sit-
uation: while the best fit region is shifted to lower masses, the
fit to the modulation signal is overall worse than with higher
escape velocities.
It is crucial to note that there exist other lines of argument
why a 1 GeV WIMP with a large scattering cross section is
strongly disfavored as an explanation to the DAMA/LIBRA
modulation signal: high-altitude detectors and Earth heat-
ing. A light and strongly interacting particle would violate
bounds from high-altitude detectors [17] which unlike under-
ground detectors are not shielded. With such large cross sec-
tions, large portions of the favored parameter space in the light
WIMP scenario is in disagreement with observation.
Even stronger bounds come from precision measurements
of the Earth heat flow. When the dark matter scattering rate
is sufficiently large, the energy deposition by dark matter self-
annihilation products captured by the Earth gravitational po-
tential would grossly exceed the measured heat of Earth. A
largely model-independent constraint on the dark matter scat-
tering cross section with nucleons can be placed [18], under
the assumption that annihilation occurs. We display for refer-
ence the resulting constraints from Earth heating as the shaded
region in Fig.3: the excluded region completely rules out the
best-fit DAMA region even when only Hydrogen scattering
are taken into account (we use here a quenching factor of one
and escape velocity of 544 km/s, but our results are largely
independent of these two assumptions).
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FIG. 2. The best fit regions including both H and Na scattering using Vesc = 300, 544 and 700 km/s (from left to right). The favored mass
region is not excluded by other direct detection experiments, but the best-fit input parameters provide a very poor fit to the DAMA/LIBRA data.
For example, even the best-fit point (indicated with a red cross σ = 104 pb and M = 1.7 GeV) is excluded at the 3.9σ level for Vesc = 544
and 700 km/s (the fit for Vesc = 544 km/s is even worse). All contours are goodness of fit contours using the binning scheme described in Ref.
[14].
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FIG. 3. Exclusion region based on the capture of Dark Matter par-
ticles in the Earth and subsequent annihilation, producing an excess
over the measured heat flow of Earth [18]. We show with green con-
tours the best-fit DAMA region for an escape velocity of 544 km/s.
V. CONCLUSIONS
In this analysis we demonstrated that a light, O(1) GeV
WIMP scattering off of Hydrogen nuclei from residual OH
contamination in the DAMA NaI(Tl) crystals is a highly dis-
favored scenario for the following reasons:
(i) under the unmotivated assumption that the WIMP only
scatter off of Hydrogen but not Na, we showed that the favored
mass range would place the proton-WIMP cross section in a
region grossly ruled out by current experiments;
(ii) if scattering off of Na exists concurrently with H, the re-
sulting signal does not provide a good fit to the DAMA signal,
and is ruled out to almost the 4σ level;
(ii) if scattering off of Ge exists concurrently with H, then
CDMSlite limits eliminate the favored WIMP candidate mass;
(iv) indirect constraints such as limits from high-altitude
detectors and from the Earth heat flow are generically incom-
patible with the proposed mass and cross section.
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